The threat of sea-level rise to the heavily populated Korean Peninsula has profound and far-reaching implications. This study updates and extends the several previous works undertaken to analyse tide-gauge records and satellite altimetry around South Korea using enhanced time-series analysis techniques to detect coastal vertical land motion and current rates of rise and accelerations in mean sea level to augment planning, design, and risk management activities. Although the longest tide-gauge records available only date back to 1960, every effort has been made to separate the mean sealevel trend from the more dynamic influences with improved precision using state-of-the-art analytical techniques. The analysis identified general trends of subsidence observed around the margins bounded by the East China Sea and East Sea (Sea of Japan) below 368N, whereas uplift was a more prevalent feature along the margins bounded by the Yellow Sea. All tide-gauge records longer than 50 years exhibited 'relative' mean sea-level rise increasing marginally over the length of the record, suggesting the presence of an acceleration; however, the estimated time-varying accelerations (albeit predominantly positive) are small and not statistically different from zero (95% confidence interval). Although the average trend of sea-surface height from satellite altimetry across this region was 3.2 mm/y, key spatial variations were evident, with the highest rates of rise centred in two discrete areas east and west of South Korea around 37.58N, each exceeding 8 mm/y.
INTRODUCTION
A rising global mean sea level provides increasing risks to coastal communities associated with saltwater inundation and flooding. These risks are heightened by ever-increasing populations occupying the low-elevation coastal zone (,10 m above mean sea level) around the globe (McGranahan, Balk, and Anderson, 2007) , fuelled by a trend of coastal population migration (Neumann et al., 2015) . Flood exposure is increasing in coastal cities owing to growing populations and assets, the changing climate, and land subsidence (Hallegatte et al., 2013) .
A recent economic analysis of the cost of climate-change impacts around the Korean Peninsula (Yeora, 2012) estimated the economic damage arising from coastal erosion and flood damage associated with sea-level rise to 2100 (on the basis of the Intergovernmental Panel on Climate Change A1B scenario) to be of the order of 7.5 trillion won (USD 6.7 billion). Scientific projections (Church et al., 2013) forecast mean sea level continuing to rise at increasing rates over the course of the 21 st century (and beyond) as a result of climate change. Such forecasts place renewed efforts on adaptation and mitigation planning to reduce risk to an acceptable or manageable level. The prominence of the climate change issue has placed more emphasis on examination of the extensive global repository of relative mean sea-level records (Holgate et al., 2012) , which, along with temperature and carbon dioxide, remain the key proxy data sets used to monitor and quantify changes in the global climate system (Watson, 2016a) . Mean sea-level records measured at coastal tide gauges provide the optimum means of detecting changes in the rate of sea-level rise over time, particularly when the length of the records extends beyond 80-100 years. However, it's imperative to understand that the water level measured at a tide gauge is a complex amalgam of key physical contributors which include (1) vertical land movement at the tide-gauge site (factor 1); (2) dynamic influences of largely oceanographic, atmospheric, or gravitational origins operating on differing temporal and spatial scales (factor 2); and (3) lowamplitude signal of mean sea-level rise driven by climate-change influences (principally melting of snow and ice reserves bounded above sea level [directly adding water] , and thermal expansion of the ocean water mass) (factor 3).
This study updates and extends the previous works undertaken to analyse tide-gauge records and satellite altimetry around the Korean Peninsula (e.g., Ha et al., 2006; Jeon, 2008; Kang et al., 2005; KHOA, 2013; Kim and Cho, 2016; Kim et al., 2017; Yoon, 2016) . In particular, the longer tide-gauge records available (.50 y) have been analysed using enhanced timeseries analysis techniques developed specifically for mean sealevel research (Watson, 2018) that improve the resolution of the factor 3 influence. The study also provides updated, consistent estimates of the factor 1 influence based on analysis of gridded satellite altimetry data for the Korean region, providing improved instruction on areas likely to be more susceptible to ''relative'' mean sea-level rise resulting from vertical land motion (VLM).
been used in the analysis, up to and including 2017. The 21 sites analysed have notionally been assigned a station identification (ID) commencing with Incheon (1) in the NW, progressing anticlockwise around the country to Sokcho in the NE, bordering the East Sea (Sea of Japan) (refer Figure 1) 
METHODS
Differing methodologies have been applied in this study, dependent upon the specific analysis and the length of the respective data sets. The applied methodology can be appropriately partitioned into analysis of the historical tide-gauge records, sea-surface heights from satellite altimetry, and estimates of VLM. All analysis and graphical outputs have been developed by the author from customized scripting code within the framework of the R Project for Statistical Computing (R Core Team, 2018) .
Historical Tide-Gauge Analysis
The complexity of the influences embedded within conventional monthly and annual average ocean water-level data sets has led sea-level research toward successively more sophisticated time-series analytical techniques. The key prerogative for sea-level researchers remains isolating the comparatively small, nonstationary, nonlinear mean sea-level signal from the significant and substantial dynamic interdecadal (and other) Figure 1 . Location of tide-gauge records analysed for this study. Sites have been delineated with a station ID commencing with 1 (Incheon) and moving anticlockwise to 21 (Sokcho). Full details of data records are summarized in Table 1 . Base plan generated using ggmap package (Kahle and Wickham, 2013) in R (R Core Team, 2018). influences and noise. This is achieved through the application of singular spectrum analysis (SSA) techniques adapted specifically for mean sea-level research (Watson, 2018) .
SSA has proven an optimal analytic for this task in sea-level studies (Watson, 2016b) as a powerful data-adaptive technique capable of decomposing a time series into the sum of interpretable components with no a priori information about the time-series structure (Alexandrov et al., 2012; Golyandina and Zhigljavsky, 2013) . Specifically, SSA can efficiently decompose an original record into a series of components of slowly varying trend, oscillatory components with variable amplitude, and a structureless noise (Golyandina, Nekrutkin, and Zhigljavsky, 2001) .
Only the longest annual average records available from the PSMSL (.50 y) were considered for trend analysis (refer to Discussion on length of records). The methodology applied in analysing the observational tide-gauge records can be broadly summarised in the following five steps.
Step 1: Gap-Filling of Time Series This is a necessity to decompose the time series using SSA. Although the longest and most complete tide-gauge records have been used for analysis, missing data persist in several records. Where required, records have been filled using an iterative SSA procedure (Kondrashov and Ghil, 2006) in the first instance, which has an (assumed) advantage in preserving the principal spectral structures of the complete portions of the original data set in filling the gaps.
Step 2: Estimation of Relative Mean Sea Level
Having necessarily filled the time series in step 1, the record is decomposed using one-dimensional SSA to isolate components of slowly varying trend (i.e. mean sea level due to external climate forcing) from oscillatory components with variable amplitude, and noise. From the SSA decomposition, relative mean sea level is estimated by summation of ''trendlike'' components. To do this, a periodogram is fitted to each of the decomposed components with trend-like components specifically determined to be those in which the peak spectral density is confined to the lowest-frequency band.
Step 3: Estimation of Relative Mean Sea-Level Velocity and Acceleration
Readily estimated from the first and second derivatives, respectively, of a cubic smoothing spline fitted to the mean sea level (or trend) determined via step 2. In each case, a fitted spline with 1 degree of freedom every 10 years results in the coefficient of determination (R 2 ) of the fitted spline to the sealevel trend exceeding 0.99, providing a high degree of confidence in this form of model to estimate the associated time-varying velocity and acceleration.
Step 4: Estimation of Errors This process initially involves fitting an autoregressive timeseries model to remove the serial correlation in the residuals between the SSA-derived trend (step 2) and the gap-filled time series (step 1). The estimation of error in the relative mean sea level and associated velocities is then based on bootstrapping techniques where the uncorrelated residuals are randomly recycled and the process in steps 2 and 3 repeated 1000 times. From the extensive pool of outputted relative mean sea level and associated velocities and accelerations, standard deviations are readily calculated to derive robust confidence intervals.
Step 5: Correction to Estimate Geocentric Velocity
The correction from relative to geocentric velocity has been undertaken using the approach of Ostanciaux et al. (2012) (refer section 3.2). Error margins in quantifying geocentric velocity are determined in quadrature.
VLM Analysis
Following the approach advocated by Ostanciaux et al. (2012) , VLM is estimated by applying a least-squares linear regression fit to the difference between the monthly averages derived from satellite altimetry and the relative tide-gauge record at a point of interest. More specifically, to estimate VLM at a specific tide-gauge site, the methodology applied can be broadly summarised in the following three steps.
Step 1: Determine Nearest AVISO Grid Reference with Data
The available AVISO satellite altimetry data are provided on a spatial resolution grid of 0.258 3 0.258; thus the initial step is to isolate the nearest grid reference point to the tide-gauge location that contains complete sea-surface height data (summarised in Table 1 ).
Step 2: Convert Daily AVISO Sea-Surface Height Time Series to Monthly Averages
Complete monthly average time series of sea-surface heights are available spanning the period from January 1997 to April 2017.
Step 3: Linear Regression Analysis VLM can be estimated from linear regression of the difference between the respective monthly average of the AVISO altimetry (step 2) and the tide-gauge time series spanning January 1997 to April 2017. VLM is estimated as a rate (mm/y) with associated standard errors. The estimated VLM can then be used to correct relative to geocentric velocity at each of the tide-gauge sites.
Altimetry Sea-Surface Height Analysis
Daily AVISO sea-surface height time series have been extracted at each of the respective grid points covering an area around South Korea extending from 124 to 1328E and 32 to 398N to investigate spatial trends evident over the altimetry data period. The trend in sea-surface height has been determined at each grid reference point on the basis of simple linear regression techniques.
RESULTS
Of importance, all analysis results presented in this report include error margins at the 95% confidence level, unless noted otherwise. Analysis of the seven tide-gauge records exceeding 50 years provides the means to optimise estimates in the temporal resolution of relative mean sea level and associated velocity and acceleration over time. It is evident from the analysis of each of these records (refer Figure 2) that the relative velocity has varied over time, but continued to rise at each site over the course of the record, suggesting the presence of an acceleration to do so.
The temporal characteristics of the time-varying relative velocity highlight similarities between each record, with differences in the scale (in part) reflective of the underlying VLM embedded within the respective records (see Figure 3 ). The highest rates of relative mean sea-level rise were observed at Mokpo and Jeju (5.8 6 0.8 and 5.4 6 0.8 mm/y, respectively) over the recent portion of the record. Both sites exhibit subsidence at rates exceeding 3 mm/y. Of the remaining five long record sites, the rate of relative mean sea-level rise observed during 2017 varied between 0.9 6 0.8 and 2.8 6 0.6 mm/y (see Figure 3) .
The associated time-varying acceleration in mean sea level at each of the data records exceeding 50 years in length highlights key temporal signatures in the coastal margins around South Korea (see Figure 2) . For the majority of records analysed, the estimated accelerations (albeit predominantly positive) are small and not statistically different from zero at the 95% confidence level, with exceptions at Mokpo and Mukho. Strong temporal signatures persist across the network of records analysed, with peak accelerations evident in time frames spanning 1974 to 1980 and again around 2002 to 2006, and From the VLM analysis at the respective tide gauges, general trends of subsidence were observed around the margins bounded by the East China Sea and East Sea (Sea of Japan) (below 368N), whereas uplift was a more prevalent feature along the margins bounded by the Yellow Sea. The highest rates of uplift were observed at Heuksando and Anheung (3.7 6 1.4 and 3.7 6 1.7 mm/y, respectively), with Wido and Incheon both exceeding 3.5 mm/y. The highest rates of subsidence were observed at Pohang, Mokpo, and Jeju (À7.4 6 1.3,À4.1 6 1.6, andÀ3.5 6 1.5 mm/y, respectively). Estimates of VLM at each gauge site are summarised in Figure 3 (second  panel) .
The third panel of Figure 3 provides a summary of the estimated geocentric velocity in 2017 for each of the records longer than 50 years, following corrections for VLM. Excluding Incheon, geocentric velocities lie broadly in the range of '1 to 3 mm/y. Of interest, the geocentric velocity estimated at Incheon in 2017 is considerably higher than all the other stations, at 6.1 6 2.2 mm/y. Of the records exceeding 50 years in length, Incheon has the highest percentage of missing data ('9%), which might have a bearing on both the accuracy of the derived trend of relative mean sea level and also the estimate of VLM derived from the difference between the satellite altimetry record and that of the tide gauge. Notwithstanding, this high rate mirrors the equally high trend in sea-surface height measured from satellite altimetry at Incheon over the period from 1993 to 2017 (5.82 6 0.24 mm/y; see Figure 3 bottom panel).
Trends in sea-surface height observed from AVISO satellite altimetry data over the period from 1993 to 2017 (between 124 and 1328E and 32 and 398N) show some key spatial signatures (see Figures 3 and 4, Table 2 ) around South Korea.
Of the 1041 gridded data points, the average trend of seasurface height across this region was 3.21 6 0.29 mm/y. The highest average sea-surface height trends were centred in two discrete areas east and west of South Korea around 37.58N, each exceeding 8 mm/y (see Figure 4) . Within the respective Yellow Sea, East Sea (Sea of Japan), and East China Sea margins analysed, some differences are evident. Although the average trends across each sea margin and the global average (3.62 6 0.47 mm/y) are aligned at the 95% confidence level (see Table 2 ), the means differ and are all below the global average, Refer to Figure 4 for extent of regional assessment and arbitrary demarcation of the respective sea margins (for analysis purposes only). Analysis spans period from January 1993 to May 2017.
with the South China Sea average approximately 0.75 mm/y lower over the 24-year record. Immediately adjacent to the coastline, the sea-surface height trends nearest the respective tide-gauge locations (see Figure  3 , bottom panel) show a finer-resolution spatial pattern in which the peak trends (.5 mm/yr) are observed east and west at around 37.58N, moderating generally in a southerly direction around the country, with the lowest trend adjacent to a tide gauge observed at Geomundo (2.02 6 0.25 mm/y).
It should be clearly emphasised here that these linear trends in sea-surface height over the 24-year altimetry period will be significantly influenced by internal climate mode forcings (such as El Niño-Southern Oscillation [ENSO], etc.) on such timescales. These trends are therefore not directly comparable with relative and geocentric velocities determined from the longer tide-gauge records analysed in this study, which first remove such influences from the record and second, estimate time-varying velocities in real time, rather than averages across the record length. Watson (2018) notes that the length of the data sets available is a key facet to improving the robustness of trend, velocity, and acceleration estimates derived from long, individual ocean water-level records. For example, Douglas (2001) advised minimum-length data sets of 50-60 years to measure acceleration to lower the likelihood of key contamination from the influences of decadal to multidecadal variability that ostensibly result from winds driven by climate modes (see Qiu and Chen, 2012; Sturges and Douglas, 2011) . Through further detailed analysis, Houston and Dean (2013) advised that, because of decadal variations, record lengths of at least 75 years should be used to determine acceleration, and even longer records should be used to determine trend differences. Chambers, Merrifield, and Nerem (2012) identified the existence of a significant oscillation with a period around 60 years in the majority of the tide gauges examined during the 20 th century, and that it appears in every ocean basin, with amplitudes exceeding 20 mm in several long records. Chambers, Merrifield, and Nerem (2012) and Calafat and Chambers (2013) advise that estimates of global and regional accelerations must account for these multidecadal fluctuations. Watson (2018) recommends the use of annual time series of minimum length 80 years to ensure the trend signal (or in this case mean sea level) is optimally separable from the contaminating dynamic cyclical signals (including the quasi-60-year ocean oscillation proposed by Chambers, Merrifield, and Nerem [2012] ) and noise.
DISCUSSION
The maximum-length data sets available for this analysis around the South Korean Peninsula are 57 years (1960 to 2017 at Incheon, Mokpo, and Busan), somewhat short of the optimal minimum lengths suggested for mean sea-level analysis. The results of the analysis presented in this study represent an attempt to maximise the information that can be gleaned from the available records, recognizing that such records are not able to resolve (and therefore remove) such signals as the quasi-60-year ocean oscillation at the regional level, specific to South Korea. This issue might be addressed in future studies by considering the availability of much longer regional time series capable of resolving such a signal and using the relevant portion of that signal as a proxy for application to the South Korean records.
Notwithstanding, the analysis techniques used identify the lowest-frequency signal (or trend) permitted by the length of the data sets available.
Estimating VLM
Land motions embedded within tide-gauge records are difficult contributions to resolve and isolate, in part because the general scale of VLMs (see Ostanciaux et al., 2012) and sealevel rise trends due to climate change observed over the 20 th and early 21 st centuries are often of similar scale (although the sign may differ). In attempting to convert relative to geocentric estimates of sea-level rise, the majority of contemporary studies make some allowance for land movements via the application of site-specific estimates of long timescale Glacial Isostatic Adjustment (GIA) from the various models available (e.g., Lambeck, Smither, and Johnston, 1998; Peltier, 2004; Tushingham and Peltier, 1991) . Watson (2016a) notes that GIA models provide only the broadest-scale resolution of VLMs at local scales. Local processes associated with tectonics, volcanism, sediment compaction, and subsurface mineral and water extraction are often of significance and generally not accounted for in the GIA models (Zervas, Gill, and Sweet, 2013) . Tide gauges situated on highly urbanised and densely populated shorelines are becoming increasingly affected by a wide range of anthropogenic processes that predominantly result in localised subsidence (Ostanciaux et al., 2012) . The advent of the global navigation satellite system has provided the opportunity to continuously measure the total contributions of all land-movement processes where GPS recording instruments have been installed, enabling estimates of geocentric mean sea level (to a fixed reference point). The drawback of the comparatively recent development of these measuring technologies is that maximum record lengths are only around 20 years.
Another factor highlighted previously by Wöppelmann and Marcos (2012) relates to the common situation where the geodetic connection between the GPS antennae and tide gauge is absent. Under these circumstances it is simply assumed that vertical land movement sensed by the GPS antenna corresponds to the actual land movement affecting the tide-gauge record when the GPS antenna is distant from the tide gauge (e.g., Bevis, Scherer, and Merrifield, 2002) . This is a ubiquitous problem highlighted in the current study whereby only one active Système d'Observations du Niveau des Eaux Littorales (SONEL) (SONEL, 2018) GPS record exists within the study area (Incheon), and this recording instrument is located some 31.5 km from the tide gauge, diminishing the inferred representativeness of land-motion factors directly at the tide gauge.
SONEL provides VLM estimates at nine coastal sites around South Korea based on the inferred difference between satellite altimetry and the tide-gauge record over the period from 15 January 1993 to 15 November 2013 as part of an experimental endeavour. The current study provides updated estimates of VLM at a larger range of sites (21) over a longer period of time based on similar analytical procedures (Ostanciaux et al., 2012) . VLM determined via these processes are quite sensitive to the time frame of analysis, but such processes are envisaged to provide increasingly improved proxies for the actual rate of VLM at the tide gauge as the altimetry record lengthens.
In theory the difference between satellite altimetry and the tide-gauge record can reveal drifts in the altimeter or in its geophysical corrections, and also in the tide-gauge data. An important assumption is that these are negligible, so that the trend in the differences can be attributed to VLM (G. Wöppelmann, personal communication) . It is important to appreciate that there will always be difficulties in directly assimilating data from such different measuring techniques. Although most modern tide-gauge records are highly accurate continuous data streams at a fixed location, the validity of seasurface height measurements from satellite altimeters in coastal areas decreases significantly because of land contamination (Xu, Birol, and Cazenave, 2018) , requiring substantial geophysical corrections (amongst others). Capet et al. (2014) note that converting raw satellite sensor signals to accessible and exploitable gridded products (such as those used in the current study from AVISO) involves several processing steps, each of which is a compromise between the filtering out of observational noise and the retention of the most relevant part of the original signal (Ducet, Le Traon, and Reverdin, 2000; Le Traon and Dibarboure, 1999) . Kleinherenbrink, Riva, and Frederikse (2018) advise that the larger effective radius of the AVISO products draws on data far away from the tide-gauge location, which might not correlate with the sea-level signal at the gauge, resulting in potential contamination of VLM trend estimates.
For sea-level studies, it is commonly assumed that VLMs are generally small and occur in near-linear fashion, in which case estimates of acceleration remain unaffected. Although geological timescale influences such as GIA will be approximately linear over the timescale of an available tide-gauge record, the anthropogenic influences contributing to subsidence in heavily developed coastal margins might not necessarily perpetuate in a linear manner (Watson, 2016a) . The latter circumstance, if not properly accounted for, will contaminate real-time estimates of acceleration in the relative mean sea-level signal. Despite the above-mentioned range of issues associated with estimating VLM from the difference between satellite-and tide-gauge-derived products, such efforts provide a reasonable, convenient estimate around the coast in the absence of precise GPS-measured data.
Opportunities exist around South Korea to increase the density of GPS measuring devices colocated with tide gauges for improved scientific understanding of VLMs, mean sea level, and climate-change influences into the future.
Comparison with Previous Sea-Level Studies of South Korea
There has been a range of recent studies investigating mean sea-level trends and accelerations around South Korea using differing techniques and data (e.g., Ha et al., 2006; Jeon, 2008; Kang et al., 2005; KHOA, 2013; Kim and Cho, 2016; Kim et al., 2017; Yoon, 2016) . The majority of studies have involved linear regression analysis of available tide-gauge data. Kim et al. (2017) analysed eight mean sea-level records around the southeastern coast of Korea, using hourly data spanning '40 years (up to 2014). Simple linear regression analyses were applied to each of the data sets to estimate the average velocity (or trend) of relative mean sea level. The average trend across all data records was 2.75 mm/y. However, a key observation of the analysis was the high trend of 5.82 mm/y observed at Pohang, nearly 3 mm/y higher than any other site. Contributory reasons posed for such a high rate of rise included possible datum changes due to several harbour constructions or land subsidence. The current study confirms the high rate of VLM due to subsidence evident at Pohang (À7.4 mm/y).
Similarly, Yoon (2016) investigated the relative rise in mean sea level around the Korean Peninsula applying linear regression techniques to 19 station records with a minimum length of 30 years. Results suggested that rates of relative sealevel rise over the period of analysis were relatively small along the western coast (average 2.0 mm/y), large along the southern and eastern coasts (averages 2.8 and 3.6 mm/y, respectively), and very large around Jeju Island (average 3.8 mm/y).
Although linear regression is a simple and convenient application for determining a coarse, first-order trend, it is an ill-suited tool for the task at hand given the time-varying nature of the mean sea-level signal evident from contemporary analysis of the world's longest tide-gauge records (Watson, 2016a (Watson, , 2017 (Watson, , 2018 . Linear regression provides no temporal instruction on relevant changes in the mean sea-level velocity and acceleration time series, given the inherent assumptions of constant velocity and zero acceleration. Shorter time series such as those considered by Kim et al. (2017) and Yoon (2016) , which are a maximum of 40 years in length, become increasingly influenced (or biased) by internal climate modes when simple linear regression is used to estimate the relative rate of mean sea-level rise. Kim and Cho (2016) provide more advanced time-series analysis of the five longest records (Mokpo, Jeju, Busan, Ulsan, and Mukho) through the application of ensemble empirical mode decomposition (EEMD) (Wu and Huang, 2009) to define mean sea level and then central difference techniques to estimate the time-varying velocities and accelerations. This work appears to be the first attempt to consider acceleration in the Korean mean sea-level records. Table 3 provides a summary of the minimum and maximum relative velocities at each station advised in the paper of Kim and Cho (2016) compared with those determined in the current study. Of interest, the maximum velocities determined via the study of Kim and Cho (2016) is '1 to 2 mm/y higher than those determined via the approaches advocated in the current study. However, the ordering of the station records on the basis of the maximum relative velocities between the respective approaches is equivalent. For example, the highest maximum relative velocity was observed at Mokpo and the lowest at Ulsan in both sets of analysis. The range between the minimum and maximum relative velocities at each station was also much higher for the approach of Kim and Cho (2016) . Kim and Cho (2016) advised that the highest acceleration from all stations was 0.143 6 0.026 (1r) mm/y 2 at Mokpo (year unknown), which is in agreement with the current study, which also advised a maximum acceleration of 0.14 6 0.03 (1r) mm/y 2 at Mokpo (in 2002).
Aspects of the results of the current study and those of Kim and Cho (2016) indicate similar nonlinear characteristics in the measured rates of relative velocity observed around South Korea. However, the higher velocities and ranges observed in the results of Kim and Cho (2016) are likely to be (at least in part) artefacts of the EEMD approach, likely retaining energy from higher-frequency signals due to mode mixing with the residual element, which is a feature exacerbated by the comparatively short data sets used (refer to Discussion).
Empirical mode decomposition (EMD) (Huang et al., 1998 ) is known to have inherent limitations associated with mode mixing and splitting, aliasing, and end effects (Mandic et al., 2013) . The EEMD variant (Wu and Huang, 2009) , which effectively combines EMD with noise stabilisation, was an enhancement designed to offset the propensity for mode mixing and aliasing (Tary et al., 2014) . EEMD, however, contains a further limitation in that the sum of the intrinsic mode functions determined by the algorithm doesn't necessarily reconstruct the original signal (Tary et al., 2014) . Chambers (2015) evaluated the EMD algorithm for quantifying multidecadal variations and accelerations in sea-level records, concluding a range of issues with the approach and suggesting its use with considerable caution. Similarly, the most extensive time-series analysis testing for mean sea-level research undertaken to date (Watson, 2016b) concluded that data-adaptive spectral techniques such as SSA and multiresolution decomposition using maximal overlap discrete wavelet transform (Percival and Walden, 2006) significantly outperformed all other time-series techniques (including EMD and EEMD) for isolating a trend with improved temporal resolution and accuracy from mean sea-level records.
CONCLUSION
The issue of sea-level rise is of particular interest around the Korean Peninsula given that the land mass is bounded to the east by the East Sea (Sea of Japan), to the south by the East China Sea, and to west by the Yellow Sea. Large coastal populations and extensive, built assets occupy the coastal regions of South Korea, with continued population growth and urban development forecast into the future.
In addition, the coastlines along the southeastern portions of the country are frequently affected by high storm-surgegenerating typhoons, particularly during July to October (Kim et al., 2017) . The current threats associated with coastal hazards (e.g., coastal erosion, storm surge, oceanic inundation, etc.) will be exacerbated by projected sea-level rise associated with climate change that is anticipated to increase at an increasing rate over the course of the 21 st century (and beyond).
With this in mind, every effort must be made to routinely monitor and review sea-level data around the country, enabling the early detection of key emerging trends of significance that will aid coastal planning, design, and risk-management activities. This study updates and extends the several previous works undertaken to analyse tide-gauge records and satellite altimetry around the Korean Peninsula using enhanced timeseries analysis techniques to detect the current rates of rise and accelerations in mean sea level.
Analysis of the seven tide-gauge records exceeding 50 years in length indicates that the rate of relative mean sea-level rise (velocity) has continued to increase at each site through to 2017, suggesting acceleration to do so. The highest rates of relative mean sea-level rise were observed at Mokpo and Jeju (5.8 and 5.4 mm/y, respectively) over the recent portion of the record, driven in part by high rates of subsidence exceeding 3 mm/y. Mokpo in particular should be closely monitored, as this site has also experienced the highest rate of acceleration recorded at any site around the county.
General trends of subsidence were observed around the margins bounded by the East China Sea and East Sea (Sea of Japan) (below 368N), whereas uplift was a more prevalent feature along the margins bounded by the Yellow Sea. Improved knowledge of VLMs is paramount as subsiding margins will exacerbate the threat posed by rising mean sea levels. Opportunities exist to colocate continuous-recording GPS technology with the seven long tide-gauge sites around the country to precisely measure critical land movements and augment the scientific value of these lengthening mean sealevel records.
In addition to the above-mentioned observations from key land-based records, the advent of routine satellite altimetry (post-1993) permits trend analysis of sea-surface heights at fixed closely spaced grid points across the ocean margins surrounding the country. This analysis highlights peak average sea-surface height trends centred in two discrete areas east and west of South Korea around 37.58N that exceeded 8 mm/y over the past 24 years. It will be critical to continue to monitor these margins to ascertain whether or not these high trends become a more persistent regional oceanographic feature or whether they are governed by decaying or strengthening ENSO (or other internal climate mode) episodes.
When the satellite altimetry data are averaged over the respective margins of the Yellow Sea, East Sea (Sea of Japan), and East China Sea, the means differ and are all below the global average, with the South China Sea average '0.75 mm/y lower over the 24-year record. The trends in sea-surface heights are significantly influenced by internal climate mode forcings (such as ENSO, etc.) on such short timescales, but such trends should be carefully monitored along with the tide-gauge records to better understand the regional spatial characteristics of a rising mean sea level.
It is strongly recommended that the analysis presented in this report be revisited every 5 years or so to take advantage of ever-lengthening data records, improving time-series analysis 07 (1965) 2.14 (2017) † All velocities advised are relative rates of rise in mean sea level. ‡ The year in which the respective maximum and minimum velocities occurred is indicated in parentheses. These details were not available from the paper of Kim and Cho (2016) .
techniques, and scientific advancements concerning climate change and its influence on sea-level rise.
